Introduction
Mitochondrial (mt) DNA analyses have suggested that dogs and wolves diverged in multiple events over 100 000 years ago, 1, 2 with a possible east Asian origin. 3 The movement of humans and their dogs resulted in extensive gene flow between domestic dog populations for many thousands of years with further mtDNA analysis revealing that dogs display a high degree of polymorphism that is neither breed-specific nor defined by geographical distribution. 4 Modern breeding practices, however, strive to achieve distinctive phenotypic uniformity with purebred dogs becoming essentially closed gene pools. 2, 5 In spite of these practices, unexpectedly high levels of variability have been reported within several breeds of dogs, probably due to the heterogeneous outbred nature of the founding individuals, the relatively recent origin of many breeds of dogs 2, 6, 7 or possible crossbreeding events, as occurred during the formation of different coat types in the Dachshund. 8 The ancestors of the German shepherd dog can be traced back to an assorted collection of dogs used to herd and guard flocks of sheep in 19th century Germany. 9 The breed received official recognition in 1899 with the establishment of the Verein für Deutsche Schäferhunde (S.V. or Club for German Shepherd dogs). 9 The first dog registered with this organisation, Horand von Grafrath, was the founding sire of the breed and bitches were sought that would 'complement his conformation, temperament and utilitarian type' in order to achieve the characteristics specific to the breed. 9, 10 The S.V. controlled and directed breeding by exercising authority over which dogs and bitches could be bred and which offspring could be kept and raised from each litter, with extensive inbreeding utilised during the formation of the breed. 9 German shepherd dogs were used by both the German military and the Red Cross during World War I, and at the end of the war servicemen from America and Europe returned home with stories of these dogs, popularising the breed in many countries. 11 During the last 100 years, Breed Clubs affiliated to the S.V. have been established in more than 67 countries and over two million dogs have been registered to date in Germany alone, with 20 000 puppies being registered every year (Verein für Deutsche Schäferhunde; online at: https://www. schaeferhunde.de/site/index.php?id=431 (accessed 25 January 2007)). The German shepherd dog has remained one of the most popular breeds of dog, both as a companion dog and for the socio-economic function it fulfils as a versatile working dog.
German shepherd dogs were introduced to South Africa with the first dog registered with the Kennel Union of Southern Africa in 1913; the population remained relatively small, with just 43 dogs registered between 1916 and 1919 (pers. comm. M. Darwin, Kennel Union of Southern Africa). We have investigated the impact that this founder event, and the subsequent population bottleneck with its associated inbreeding and genetic drift, has had on the genetic diversity exhibited by South African-bred German shepherd dogs. We have also addressed whether there has been sufficient gene flow, resulting from the recent extensive importation of breeding stock from the ancestral German population, to mitigate these detrimental effects on genetic diversity. Low levels of genetic diversity and minimal gene flow between isolated populations are considered to be significant factors contributing towards the many genetic diseases commonly expressed in purebred dogs and these data have been quantified by comparison with typically outbred mongrel or crossbred dogs that rarely express such traits.
Microsatellite markers
DNA was isolated using a standard DNA salt precipitation process. 13 Four microsatellite markers, DTRCN1, FH2137, FH2140 and FH2328 ( 2005) ). Multiplex PCR was performed on 100 ng genomic DNA using primers labelled with FAM™, VIC™ or NED™ fluorescent dyes. The PCR cycling conditions consisted of 10 min at 95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 60°C and 1 min at 72°C, followed by 60 min at 72°C. The amplified PCR products were visualised by automated fragment size analysis on an ABI Prism™ 310 Genetic Analyzer, with microsatellite alleles sized according to a Prism Genescan-500 LIZ™ internal size standard.
Measures of genetic diversity, bottlenecks and differentiation
Mean number of alleles per locus (corrected for population size by jack-knifing with 1000 pseudoreplications) and observed (H Obs ) and expected (H Exp ) heterozygosity values were calculated for each locus and population using AGARst. 15 The polymorphic informative content (PIC) was calculated using CERVUS version 3.0. 16 FSTAT V. 2.9.1. 17 was used to calculate Weir and Cockerham's 18 inbreeding estimators of F IS and F IT , measuring the excess or deficit of heterozygotes within each subpopulation or the global estimate of the total population, respectively. The potential effects of a founder event in the South African-bred individuals were assessed using the package BOTTLENECK v. 1.2.02. 19 and by using AGARst to calculate Garza and Williamson's M value, 20 the mean ratio of the number of alleles observed in a population to the range in allele size. Deviations from Hardy-Weinberg (H-W) equilibrium, linkage disequilibrium and F ST estimates, 18 describing the partitioning of genetic variation within and among populations, were calculated using GENEPOP V. 3.3.
21 Exact probability (P) values were calculated using a Markov chain algorithm with 1000 dememorisation steps for 100 batches and 1000 iterations per batch. R ST estimates of population differentiation, based on the stepwise mutation model, 22 were calculated in RstCalc, 23 and significance values were calculated from 1000 permutations and 1000 bootstrap events. Principal coordinates analysis (PCA), based on Nei's genetic distances, 24 was calculated using GenAlEx. 25 Population assignment values, determined as the ratio of the likelihood of the genotype of the individual deriving from each of the possible source populations, were calculated using AGARst.
Results

Measures of genetic diversity
All outbred dog populations sampled from Cape Town, Port Elizabeth, Johannesburg and Pretoria, in South Africa, had comparable levels of mean genetic diversity (9.69 ± 0.06 alleles per locus, H Exp = 0.821 ± 0.001 and PIC = 0.799 ± 0.001, mean ± Table 2 ). The German and South African-bred populations have comparable levels of diversity. The homozygote-heterozygote proportions (F IS ) indicated significant levels of homozygous excess in both populations. In addition, deviations from H-W proportions across all 15 loci remained highly significant (P < 0.05) for both populations. There was significant linkage disequilibrium (P < 0.05) at 13 of the 105 possible pairs of microsatellite markers. However, none of these pairs of loci were mapped to the same chromosome (Table 1 ) and therefore do not indicate true physical linkage.
Measures of genetic bottlenecks
German and South African-bred German shepherd dogs do not exhibit statistically significant heterozygosity excess (H e ) relative to that expected in an equivalent population at mutation-drift equilibrium (H eq ). There was no indication of a modal shift in allele frequencies, with all populations having normal L-shaped allele distributions. There is therefore no statistical evidence of a recent bottleneck event in these populations. Garza and Williamson's M value indicated that the Germanbred population (M = 0.78) exceeded the reported critical value of 0.68, 20 confirming that there is no evidence of a bottleneck event. The South African-bred population (M = 0.66), however, indicated a reduction in effective population size further back in the history of the population. H e in post-bottleneck populations lasts only a few generations until equilibrium is once again reached at the new effective population size. The ratio of allele number to range in allele size range, M, usually remains for many more generations 20, 26 and is therefore more effective for detecting bottlenecks further back in time.
Measures of genetic differentiation
We found little or no significant genetic differentiation in terms of pairwise F ST and R ST estimates between the two German shepherd dog populations, but significant levels of genetic differentiation between each of these populations and outbred dogs ( Table 3) .
The proportion of individuals in a population correctly assigned to their own source population can be a useful additional measure of population differentiation. Assignment tests grouped 79% and 78% of the German and South African-bred German shepherd dogs correctly to their own population, although low mean likelihood ratios (1.21 × 10 2 and 1.29 × 10 1 , respectively) are consistent with minimal differentiation between the ancestral and derived populations. In comparison, 100% of the combined German shepherd dog population (with a mean likelihood ratio of 8.89 × 10 7 ) were correctly assigned to their population relative to outbred dogs.
The percentages of variation explained by the first two components of the PCA analysis (Fig. 1) are 92.57% and 7.43%, respectively, with a cumulative total of 100%. The variation of the first coordinate confirmed that the German and South African-bred German shepherd dog populations are genetically similar and that the breed is distinct from the outbred dog population.
Discussion
The public demand for variety in breeds of domestic dogs began in the mid-19th century and breeds achieved popularity for their novelty value rather than the ability to fulfill a particular function. Even traditionally-functional breeds are now bred primarily for exhibition and success at such events results in relatively few dogs assuming the role of 'popular sire'. Breeding strategies used to develop modern breeds are associated with the inherent risk of losing genetic diversity. The number of alleles per locus is the most sensitive measure of genetic diversity and the German shepherd dog populations exhibited approximately half that of the outbred dogs, and mean H Obs , H Exp and PIC values were about three-quarters that of the outbred dog population. These analyses indicate that both German-and South African-bred German shepherd dogs exhibit a moderate loss of genetic diversity relative to outbred dogs, but not sufficient to describe the breed as highly inbred or likely to experience inbreeding depression. This is despite a single foundation sire and the use of extensive inbreeding during the early formation of the breed as well as in contemporary breeding programmes. In addition, despite the large census population size, the prevalent use of 'popular sires' and the fact that only dogs and bitches conforming to certain minimum breed standards and qualifications are included in the breed registry, results in a relatively small effective population size. A founder event is known to have occurred when the breed was introduced to South Africa in 1913; the early population remained relatively small in size with just 43 'popular sire'dogs registered by 1919, 72 dogs by 1935, 354 'popular sire'dogs by 1945 and 649 dogs by 1955 (M. Darwin, pers. comm.). This small population size would have resulted in genetic drift rapidly affecting allele frequencies and the inevitable high levels of inbreeding would have caused further loss of diversity; evidence of a genetic bottleneck further back in the history of the breed was detected in the South African-bred German shepherd dogs. The importation of additional breeding stock in recent times could have increased the number of rare alleles in the South African-bred population without influencing the levels of heterozygosity, thereby concealing heterozygosity excess in contemporary populations.
A greater degree of genetic diversity would have been expected in the ancestral German population in comparison to the derived South African population, 3 as the founder event would have rendered this population a subset of the ancestral population. Direct comparisons between the two populations, however, revealed comparable levels of genetic diversity and nonsignificant genetic differentiation. This would indicate that extensive levels of gene flow have been facilitated by the importation of breeding stock from Germany during recent times. Pedigree analysis is consistent with these results as many South African-bred German shepherd dogs have one or more closely related imported ancestor/s. The significant genetic differentiation between the combined German shepherd dog population and outbred dogs (F ST = 0.103, R ST = 0.060; P < 0.001) illustrated the effects of genetic drift since the breed was established in 1899. Assignment tests confirmed the unidirectional gene flow from purebred dog populations to the mongrel dog population, consistent with the 'breed barrier ' rule that excludes dogs from a breed registry unless both parents were registered members. This directionality was indicated by 100% of the combined German shepherd dog population being correctly assigned whereas 96% of the outbred dogs were correctly assigned, with the remainder likely to have German shepherd dog ancestry.
In conclusion, the detrimental effects of the founder event experienced by the South African-bred German shepherd dog population have been mitigated by gene flow facilitated by the importation of breeding stock from the ancestral German population. In addition, these findings illustrate both the effects of artificial selection employed during the formation of a domestic dog breed as well as the effects of genetic drift since the establishment of the breed just over a hundred years ago.
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